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ABSTRACT

Context. We report new HI observations of four z ~ 0.05 VALES galaxies undertaken during the commissioning phase of the Five-
hundred-meter Aperture Spherical Radio Telescope (FAST).

Aims. FAST is the largest single-dish telescope in the world, with a 500 m aperture and a 19-Beam receiver. Exploiting the unprece-
dented sensitivity provided by FAST, we aim to study the atomic gas content, via the HI 21 cm emission line, in low-z star formation
galaxies taken from the Valparaiso ALMA/APEX Line Emission Survey (VALES). Together with previous Atacama Large Millime-
ter/submillimeter Array (ALMA) CO(J = 1 — 0) observations, the HI data provides crucial information to measure the gas mass and
dynamics.

Methods. As a pilot HI galaxy survey, we targeted four local star-forming galaxies at z ~ 0.05. In particular, one of them has already
been detected in HI by the Arecibo Legacy Fast ALFA survey (ALFALFA), allowing a careful comparison. We use an ON-OFF ob-
serving approach that allowed us to reach an rms of 0.7 mJy beam™' at a 1.7km s~ velocity resolution within only 20 min ON-target
integration time.

Results. In this Letter, we demonstrate the extraordinary capability of the FAST 19-beam receiver to push the detectability of the H1
emission line of extra-galactic sources. The HI emission line detected by FAST shows good consistency with the previous Arecibo
telescope ALFALFA results. Our observations are put into context with previous multi-wavelength data to reveal the physical proper-
ties of these low-z galaxies. We find that the CO(J = 1 — 0) and HI emission line profiles are similar. The dynamical mass estimated
from the HI data is an order of magnitude higher than the baryon mass and the dynamical mass derived from the CO observations,
implying that the mass probed by dynamics of HI is dominated by the dark matter halo. In one case, a target shows an excess of
CO(J = 1 - 0) in the line centre, which can be explained by an enhanced CO(J = 1 — 0) emission induced by a nuclear starburst
showing high-velocity dispersion.

Key words. galaxies: evolution — galaxies: ISM — galaxies: star formation — galaxies: starburst — radio lines: galaxies

1. Introduction

Atomic neutral hydrogen gas, HI, is found to be one of the most
extended baryon components of galaxies (Yun et al. 1994). The
width of the HI emission line has been historically used to esti-
mate the dynamical mass via the large-scale rotation velocity

derived from the double horn shape of the emission line (Roberts
1978). These estimates provide a proxy for estimating the dark
matter content in galaxies (Salucci 2019). On the other hand, the
optically thin nature of the HI emission leads to the possibility
of probing possible gas inflows via the asymmetry of the line
profile (Bournaud et al. 2005; Deg et al. 2020). The HI fluxes
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are found to very closely follow scaling relations such as the
star formation rate (SFR) surface density Xspr and the combined
surface density of molecular (H,) and HI gas, Xpy+n, (Schmidt
1959; Kennicutt 1998), HI mass versus stellar mass (Huang et al.
2012; Maddox et al. 2015; Romeo 2020), HI mass versus HI size
(Wang et al. 2016; Stevens et al. 2019), and the Hi-to-H, ratio as
a function of stellar or gas surface density (Leroy et al. 2008).
These relations enable us to reveal important information even
when we are unable to perform spatially resolved HI observa-
tions (Giovanelli & Haynes 2015).

Given the fundamental importance of the HI component,
several wide-field HI surveys have been carried out to probe
the neutral atomic gas at low redshift. Previous blind HI
surveys such as the HI Parkes All-Sky Survey (HIPASS,
Barnes et al. 2001; Meyer et al. 2004; Wong et al. 2006, 13
beams), the HI Jodrell All Sky Survey (Langetal. 2003, 4
beams), the Effelsberg-Bonn HI Survey (EBHIS, Winkel et al.
2010; Kerp et al. 2011, 7 beams), and the Arecibo Legacy Fast
ALFA Survey (ALFALFA, Giovanelli et al. 2005, 7 beams)
detected large numbers of gas-rich galaxies in both northern and
southern skies. The ongoing Widefield ASKAP L-band Legacy
All-sky Blind surveY (WALLABY, Koribalski et al. 2020), and
Deep Investigation of Neutral Gas Origins (DINGO, Meyer
2009) are planning to perform an HI survey over much larger
areas using the Australian Square Kilometer Array Pathfinder
(ASKAP), expecting to detect a million new HI sources up to
z~04.

Current facilities have been able to detect the HI emis-
sion line up to z = 0.1 (e.g. Giovanelli & Haynes 2015).
Major factors limiting the detectability of higher redshift sources
include the sensitivity, the detector frequency range, and radio
frequency interference (RFI). One way to overcome the sensitiv-
ity issues is by using gravitational magnification. For example,
HI ultra-deep survey projects such as Blind Ultra Deep HI1
Environmental Survey (BUDHIES, Jaffé et al. 2013), or the
COSMOS Hi Large Extragalactic Survey (CHILES) have spent
hundreds hours extending the HI detection up to z =~ 0.3
(z=0.37 in Ferndndez et al. 2016, and z=0.32 in Rhee et al.
2018). Higher redshift HI studies have been available from
damped Lya absorbers (Neeleman et al. 2016), or intensity map-
ping (e.g. Hu et al. 2020). To detect the HI emission line beyond
z ~ 0.1 is still a major challenge.

The new fully operational Five-hundred-meter Aperture
Spherical radio Telescope (FAST, Nan 2006; Nan et al. 2011)
with the tracking active reflector design (Qiu 1998) pro-
vides us with the opportunity to probe HI in the higher
redshift Universe with unprecedented sensitivity. For exam-
ple, the upcoming Commensal Radio Astronomy FasT Survey
(CRAFTS) project is expected to detect HI out to z = 0.35
(Zhang et al. 2019). As the largest filled-aperture radio tele-
scope, FAST has been designed to achieve many challeng-
ing scientific goals, including hunting for pulsar, HI map of
local galaxies, mapping the Milky Way central region, and so
on (see the review of Jiang et al. 2019, 2020, and references
therein).

In this Letter, we report the results of our pilot HI survey
with FAST on a sample of four z ~ 0.05 star-forming galaxies
taken from the Valparaiso ALMA/APEX Line Emission Survey
(Villanueva et al. 2017; Cheng et al. 2018). These are among the
first extragalactic HI detection cases observed by FAST in its
commissioning phase. Throughout this Letter, we assume a stan-
dard ACDM cosmology with Hy = 70km s~ Mpc™', Qy = 0.3,
and Q = 0.7. All magnitudes are provided in the AB magnitude
system (Oke & Gunn 1983).
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Fig. 1. Main sequence of the low-z galaxies (black contour and
greyscale) and our ALMA detected VALES sample (blue dots). The
FAST observed targets are shown as red dots.

2. FAST observations
2.1. Sample selection

The ongoing VALES project targets the low-J CO transi-
tions in 91 low-z dusty star-forming galaxies taken from
the Herschel Astrophysical Terahertz Large Area Survey
(H-ATLAS, Ealesetal. 2010). The CO(J = 1 — 0) and
CO(J = 2 — 1) emission lines were observed using
the Atacama Large Millimeter/sub-millimiter Array (ALMA,
Villanueva et al. 2017) and the Atacama Pathfinder EXperiment
(APEX, Cheng et al. 2018), respectively. The VALES galaxies
are selected from the equatorial GAMA fields, which provides
extensive multi-wavelength coverage (Driver et al. 2009).

In this pilot work, we extract four galaxies previously
detected in CO(J = 1 — 0) to target their HI emission line with
FAST. To mitigate sensitivity effects, we focus on those at the
lower redshift end of the VALES distribution. This is particu-
larly useful to avoid the strong RFI seen at lower frequencies.
The targeted sources have: (1) an expected HI flux higher than
0.5Jykms™! as estimated using the Zhang et al. (2009) prescrip-
tion, (2) they do not have bright nearby galaxies at similar red-
shift within one beam (2.9 arcmin diameter), and (3) their Decli-
nations are in the range of 0 to 40 deg, so that we can have a high
collecting area (full 300 m dish). Most of the VALES galaxies
are massive star forming galaxies as shown in Fig. 1. The four
galaxies observed by FAST, shown as red dots, are local main
sequence galaxies.

Aided by the previous coverage provided by ALFALFA
(Haynes et al. 2011, 2018) in part of the GAMA fields,
we include one source with ALFALFA measurements (HAT-
LASJ083601.5+002617) to check consistency and the relative
performance of the FAST telescope.

2.2. Observation setup and calibration

We were allocated 10h in L-band with the 19-Beam receiver
during the FAST Commissioning Phase (Shared-risk Observing
Proposal' 2019A-012-S; PI: Cheng Cheng). The focal plane is
covered by 19 beams, each one with a 2.9 arcmin diameter and
separated by 5.8 arcmin from each other. Our observations were
carried out in the tracking mode, using only the central beam
(MO1). Details for the FAST technical performance can be found
in Jiang et al. (2020).

To mitigate the errors due to an unsteady baseline at the
GHz frequency, we set the observations as 5min ON-target
+5 min OFF-target per iteration, and made from three to eight

! http://english.nao.cas.cn/ne2015/News2015/201902/
120190222_205600.html
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Table 1. FAST observation results.

HATLAS ID GAMAID tint rms at 1.7kms™! HI flux HI FWHM  Peak to peak

(min)  (mJybeam™!) (mJykms™") (kms™1) (kms™h)
HATLASJ083601.5+002617 214184 5 2.61 1696.5 + 188.1 388 +10 361.1
HATLASJ085346.4+001252 600024 10 1.59 812.6 +85.2 364 =10 328.1
HATLASJ085340.7+013348 323855 15 0.97 410.4+42.3 341+ 10 229.6
HATLASJ085112.9+010342 371789 20 0.73 <1095 W3qg

Notes. Wipo = Width/300kms~! is used to estimate the HI flux of HATLASJ085112.9+010342.
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Fig. 2. H1 and CO spectra of our targets. The black thick lines show the HI spectra obtained from FAST. The HI spectrum are rebinned into
20kms~' resolution. The red dot lines are the CO(1-0) line from our previous ALMA survey. The scales of the CO emission lines are shown
in the right y-axis. We adopt the optical spectroscopy redshift to derive the line velocity. We show the ALFALFA HI spectrum of the galaxy
HATLASJ083601.5+002617 in blue in the upper left panel. Effective on-target integration time of Arecibo telescope is about 48 s. The edges
of the emission lines are very sharp, and we obtain a line width consistent with the ALFALFA results. The grey regions highlight the velocity

channels we used to derive the HI flux.

iterations per target. The OFF-target pointing position was cho-
sen at 5.8 arcmin distance, with no sources in the field of view
(FoV) with a similar redshift (from SDSS spec-z catalogue) to
that of our targets. We use the flux from the OFF pointing to
estimate the background, and thus the ON-OFF spectra is the
flux from our target.

We calibrate the flux by the noise diode with known antenna
temperature that injected into the receiver during the observation
(Jiang et al. 2020). Details of the data reduction and calibration
processes are briefly described in Appendix A.

3. Results

The noise levels reached for each target are listed in Table 1,
while the HI spectra are shown in Fig. 2. For a 5 min on-target
integration, we obtained a noise level of about 2.6 mJy beam™" at
1.7kms™! velocity resolution bin. The rms declines with the on-
target integration time, but not according to oc1/ v/, which might
be caused by the pointing jitter in the commissioning stage, or
weak interference we were not aware of. We detect the HI emis-
sion line in three galaxies. For the HI undetected galaxy, we esti-
mate the flux upper limit as 5xrmsx300 W3po mJy kms~!, where
Wi = Width/300kms™!. All three detected spectra show the
double-horn pattern with a typical full width at half maximum
(FWHM) of about 300kms~!. We re-sample the HI spectrum

into AV = 20kms~! channels, and derive the integrated HI flux
by summing over the velocity channels within the full width at
zero intensity (FWZI), which includes the channels at both line
wings with the channel flux higher than the rms. We highlight
the velocity channels that were used to derive the HI flux in grey
in Fig. 2).

We derive the HI mass following Giovanelli & Haynes
(2015):

S N2
My 235x10°D3

T ke S(V)av,
Mo I+z fl;WZl

where the S (V) is the flux density in units of Jybeam™'. The
uncertainty is estimated using 0% = (VNahamal AV X rms)? +
(10% x flux)?, where Nepannel is the number of integration chan-
nels, and the 10% x flux would account for the uncertainty of the
flux calibration. The HI mass or mass upper limit of our targets
are listed in Table 2.

ey

4. Discussion
4.1. Comparison with a previous ALFALFA result

For HATLASJ083601.5+002617, the upper left panel of Fig. 2
shows the results from both FAST and Arecibo telescopes. The
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Table 2. Target properties.

GAMAID  zg. log My log L, CO FWHM log M, log ng?] log Miury log Mg‘y‘n

(Mo) (Kkms™' pc?) (kms™) (Mo) (Mo) (Mo) (Mo)
214184 0.0332 991+0.12 9.02+0.02 391.2 10.59 +0.1 10.75+0.02 10.68+0.02 11.96 +0.05
600024 0.0504 9.96+0.11 8.88+0.01 349.9 10.31 +£0.1 10.89+0.05 10.51+0.04 11.90+0.03
323855 0.0410 948 +0.11 8.79 +£0.02 342.4 10.36 +£0.1 10.77+0.08 10.56+0.03 11.30+0.03
371789 0.0266  <9.53 + log W3y 8.30+0.07 197.2 10.14 +£0.1 9.89+0.24 >10.17

Notes. The lower limit of the log My is estimated by My, + M..
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Fig. 3. Predicted HI masses of our VALES sample based on the
empirical relations in Zhang et al. (2009, in purple circles) and in
Catinella et al. (2013, in blue circles). The black dots are the galaxies
from HIPASS (Parkash et al. 2018). The red dots show the results of the
FAST observation. We link the predicted and the observed HI mass by
dotted lines. We show the FAST non-detected target by upper limits.

ALFALFA survey is in the drift scan mode, and the effective
on the target integration time for the ALFALFA spectrum is
about 48 s (Haynes et al. 2011). The observed spectra show con-
sistent line profiles. The integrated flux of the Arecibo spec-
trum given in Haynes et al. (2018) is 1.68 + 0.14mJykms™!,
and the FWHM is 390 + 19kms~!, both values consistent with
our results (see Table 1). This indicates a reasonable flux cal-
ibration for the FAST 19-beam receiver in this commissioning
phase experiment. In terms of noise levels, at 20 km s7! we
reach 0.8 mJy beam™! for 5 min integration time, corresponding
to about 2 mJy beam™' for 48 s integration, while the rms given in
ALFALFA HI catalogue is 2.89 mJy beam™! at 10kms~! resolu-
tion, which is about 2 mJy beam™! at 20km s~! resolution. Thus
it appears that, in the commissioning phase, FAST has already
reached a sensitivity similar to that of ALFALFA.

4.2. The H1 gas mass

Previous studies have shown empirical correlations to derive
the HI gas mass from the global optical properties such as the
colour, surface brightness, and the stellar mass densities (e.g.
Zhang et al. 2009; Catinella et al. 2013; Parkash etal. 2018)
with typical scatters about 0.5dex. In Fig. 3, we show the
observed and estimated HI mass of our VALES sample based
on the relations given by Catinella et al. (2013):

log(My;/M,) = =0.338log X, — 0.235(NUV —r) +2.908, (2)
where X, = M, /7rR(2)pt [Mg kpc‘z] is the stellar mass surface den-
sity, Rop is the r band half light radius, and the relation from
Zhang et al. (2009):

log(M/M.,) = —1.73238(g — r) + 0.215182; — 4.08451,  (3)
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where y; [mag arcsec™2] is the SDSS i band average surface
brightness. We adopt the stellar mass, radius and the photome-
try from GAMA galaxy structure catalogue (Kelvin et al. 2012)
and H-ATLAS catalogue (Valiante et al. 2016). We also show
the observed results from HI Parkes All-Sky Survey catalogue
(HIPASS, Parkash et al. 2018) in Fig. 3 as a comparison.

In Villanueva et al. (2017) we show that the VALES sam-
ple stands for the galaxy population from star-forming (for the
z ~ 0.05 galaxies) to starburst (mainly at z > 0.1, see the Fig. 1
of Villanueva et al. 2017). We find that the VALES sample fol-
lows the Kennicutt-Schmidt relation based on the H, gas mass
from CO(J = 1 — 0) observations, and the HI gas mass derived
from the empirical relation (Zhang et al. 2009). Our pilot survey
results reveal a consistency between estimated and observed HI
mass, suggesting that the star-forming galaxies at redshift 0.05
in VALES sample may still follow the Kennicutt-Schmidt rela-
tion. More HI observations of the VALES galaxies by FAST are
still ongoing.

4.3. Dynamical masses

In Molina et al. (2019), we presented a dynamical analysis of 39
VALES galaxies using the spatial extension of the CO(J = 1-0)
emission. For the three HI detected galaxies in this latter work,
the dynamical study shows that the CO rotation curves are still
increasing or are just about to turn to flat rotation curve with the
radius (see the Appendix A of Molina et al. 2019). While com-
paring the HT and CO(J = 1 — 0) emission line spectra, we find
that the CO(J = 1-0) line profiles in Fig. 2 show a sharp decline
at larger velocities, and a similar line width and profile to those
of the HI spectra (see the CO FWHM in Table 2). The agree-
ment of the CO and HI line width suggests that the observed
CO(J = 1 - 0) emission might extend up to the region where
the rotation curve is flat (Dickey & Kazes 1992; Sofue 1992;
Schoniger & Sofue 1994; de Blok et al. 2016; Tiley et al. 2016).

We can roughly estimate the dynamical mass based

on the HI FWHM, and HI radius (Ry) by M(‘fy‘n =

(FWHM/2/ sin 8)*Ry; /G, where 6 is the HI inclination angle
and Ry is the HI radius. Since for galaxies the HI size is tightly
correlated with the HI mass (Wang et al. 2016; Stevens et al.
2019), the Ry; can be estimated from My; using the relation
derived by Wang et al. (2016). For the HI mass range of 9.5 <
log(Mu:/Ms) < 10, the HI radius is in the range of 16.5 to
30kpc (see Eq. (2) or Fig. 1 in Wang et al. 2016), which is much
larger than the CO radius (see the red contours in Fig. B.1). We
do not have inclination information of the HI gas. But if we
assume the Ks band image and HI have a similar inclination

angle (Molina et al. 2019), we can roughly estimate the Mg’y'n

(see Table 2). The M(Ifyln is about one order of magnitude larger
than the baryon mass (Mpary = Mur + My, + M.,), also listed
in Table 2. For HATLASJ085112.9+010342, which has no H1
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detection, we estimate the lower limit of the baryon mass to be

M%)‘;‘r”yer“m“ = My, + M.. The HI radii of our targets are much

larger than the optical and CO radii, yielding a larger M(Ify‘n. The

larger Mglyln may suggest that HI mainly traces the dynamical

mass within a larger radius where the dark matter starts to dom-
inate the gravitational potential.

On the other hand, our previous work also derived the
dynamical mass within 2 X ryco from CO velocity map
(Molina et al. 2019), where the half light CO radius (r,2co) is
about 4 kpc. We list the M0 in Table 2 and we can see good

consistency between the ng?q and the baryon mass. Consider-
ing the higher dynamical masses derived from the HI data, this
implies that CO dynamics is restricted, as expected, to the grav-
itational potential of the central regions in galaxies. Therefore,
it might be possible to trace dark matter halos using both CO
and HI observations. We show the optical image, CO contours,
and the HI spectra of our targets in Appendix B. The target HAT-
LASJ085340.7+013348 has a clumpy CO morphology, which
might be the reason of the relatively higher CO-to-HI flux ratio
in Fig. 2.

5. Conclusion

We report on some of the first extragalactic HI line observa-
tions of four star-forming galaxies at z =~ 0.05 taken from
the VALES survey which were made during the commission-
ing phase of the FAST 19-beam receiver. These are among the
first extragalactic HI detection results during the FAST com-
missioning phase stage. Using 5 min/5 min ON/OFF pointing
observations, we reached an rms of 2.6 mJy beam™! at a spec-
tral resolution of 1.7kms~'. We detected three out of the four
observed galaxies. One of our targets was detected previously by
the Arecibo ALFALFA survey, with results consistent with ours.
The observed HI masses are consistent with values estimated
using previously determined empirical relations (Zhang et al.
2009; Catinella et al. 2013), with a scatter of about 0.5 dex. We
find the width of the HI emission is similar to the CO(J = 1 —-0)
width revealed by ALMA, suggesting that ALMA observations
already observed the flat rotation curve from the galaxy out-

skirts. The dynamical mass estimated from HI (M?y‘n) is an order
of magnitude higher than the baryon mass (M, + My, + Mu)

and the dynamical masses derived from CO observations (ng?l),

implying that the dynamical mass traced by HI may be more
dominated by the dark matter halo.
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Appendix A: Data reduction and flux calibration

Figure A.1 shows the data reduction flowchart. The data is
reduced in batches of 10 min. Each batch includes 300 spectra
for the ON target and 300 spectra red for the OFF target (back-
ground). If the redshifted HI line suffers from temporal RFI, we
simply ignore these 10 min data. The left two panels in Fig. A.1
are the spectra we obtained in the 5 min ON (upper panel) and
5 min OFF the target (bottom panel).

A noise diode is used for FAST signal calibration (Jiang et al.
2020). When it is ‘on’, it injects a noise of known temperature to
the receiver. The noise diode is switched between ‘on’ and ‘off’
repeatedly during the whole FAST observation. Noise ‘on’ and
‘off” are in periods that are twice the signal sampling period. We
extract one spectrum per 1.006632926 s. Half of the spectra con-
tains noise with known temperature from the noise diode. For
a given target, comparing the spectra with noise diode ‘on’ and
‘off’, we can derive the intensity (i.e. antenna temperature) of
these spectra (Jiang et al. 2020).

Our spectra can be separated into four classes, ON target
with noise diode ‘on’ and ‘off” (f5a°" and fZi°T), and OFF tar-

get with noise diode ‘on’ or ‘off” ( fgg};’“ and f§ al"ff) These four
classes are shown in the middle-left panels of Flg A.1. We note
that these have not yet been calibrated in flux density.

The flux calibration is done via the following two for-

mulas: Tcaloff/ caloff _ nmse/( calon fcaloff) and (Tcalon
Thoise)/ 3 Ca“’“ = nome/(f““’“ fcal"ﬁ) where Toise is the known

noise temperature in Kelvin, the Tgl‘l]"“ and TEX°T are the cali-
brated antenna temperatures of the signal data, with noise diode
‘on’ and ‘off” (see Sect. 3.1 of Jiang et al. 2020). The aver-
age calibrated spectra of four classes are shown in the middle
right panels of Fig. A.1. These are inverse-variance weighted
means of individual spectra, and the rms error is estimated as
o o Tgys/ VAV, where the system temperature Tys ~ 20K, the
channel width AV = 1.7kms™!, and the 7 here is the integration
time. The right panel of Fig. A.1 shows the weighted average

spectra temperature (Ta) of the ON and OFF targets in the units
of Kelvin.

We find a clear increment of the noise as we move to higher
frequencies, starting at ~1373.5 MHz to 1374.5 MHz (see white
boxes in Fig. A.1), indicating an unstable background noise. In
order to assess this quantitatively, we derive additional mean
spectra for the OFF position in two time intervals: the first
0~74s and the second 75 ~ 147 s separately. We compare the
mean OFF spectra of different time intervals and find that the
background temperature increases by ~0.1 K during the 5 min
integration, with a larger increase of about 0.3 K at 1373.5 MHz
(purple and green curves in the middle-right panel of Fig. A.1).
In the right panel of Fig. A.1, we can also see that the target OFF
spectrum (blue line) is about 0.15 K higher than the target ON
spectrum (red).

We adopt a 14.86 KJy~!' conversion factor, which has an
accuracy of the order of 10% (Jiang et al. 2020).

We subtract the baseline using model-fit based on a sinu-
soidal plus a linear function, where the sine function accounts for
the standing wave, and the linear function represents the trend of
the baseline between 1372 MHz and 1376 MHz. As an example,
the final steps of the data reduction of a target are illustrated in
Fig. A.2. The generation of the final spectrum can be seen in the
left panel of Fig. A.2. The minus temperature is caused by the
increasing background noise. We correct the Doppler velocity
and convert the spectrum velocity into kinematical local stan-
dard of rest, and show the final spectrum in the right panel of
Fig. A.2.

Each FAST spectrum includes the spectra with two polarisa-
tions individually. As HI emission from galaxies should not be
polarised, we inspected both polarisations separately to check
whether or not the rms or detections are consistent. The right
panel of Fig. A.2 shows the two polarisations in blue and red.
We do not find a significant differences in polarisation, and so
we simply combined the spectra of both polarisations together
during the data reduction.
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Fig. A.1. Data reduction pipeline. Left two panels: each panel shows the raw spectra for the 5 min ON- or OFF-target positions (upper and lower
panel respectively). The x-axis is the observed frequency and the y-axis shows the sampling time of the spectra, with a sampling rate of once
every 1.006632926s (0.993411 Hz). The signal intensity in individual spectra (300 of them in each panel) is represented by colours, with the scale
illustrated by the colour bar on the right side of each panel. We note that those spectra in red stripes were sampled when calibration noise was on,
and those in blue stripes were sampled when the calibration noise was off (see text). The units of the colour bar are digital number/10'? from ADU,
which needs to be calibrated into temperature units. Middle left panels: we split the raw spectra into four cases: ON/OFF the target with calibration
noise on/off. Middle right panel: average spectra of the four classes. We show the total background in blue colour, and the background from the
first and remaining 74 s (green and purple, respectively) in the lower two panels. The green line shows a lower temperature than the purple line,
implying an increasing system temperature. Right panel: spectra ON and OFF the target.
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Fig. A.2. Flux calibration. Left panel: we fit the baseline from the data shown in green dots with the function A * sin(k x + b) + m x + n to account
for the stand wave. Right panel: we correct the Doppler velocity and convert the antenna temperatures to flux intensities in mJy. HI emission from
galaxies should have no polarisation. As a consistency check, we also reduce the spectrum including only one polarisation, and show the results in

blue and red.

the galaxy HATLASJ085340.7+013348, the CO morphology
is clumpy. We also see that the H, to HI flux ratio for HAT-
LASJ085340.7+013348 is about 15, while the other two targets
have CO-to-HI flux ratios of about ten. This might suggest a
more efficient formation of H, molecules in a nuclear region,
and a possible connection between CO morphology and the CO-
to-HI flux ratio.

Appendix B: Fake colour image of our
targets

We show the CO contour and the optical images of our
targets in Fig. B.1. We can see that the CO morphology is com-
pact in the galaxy centre for HATLASJ085346.4+001252, HAT-
LASJ083601.5+002617, and HATLASJ085112.9+010342. For
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Fig. B.1. Colour images composed of ¢, r, i band images from the HSC survey wide fields (Aihara et al. 2019), as well as the red contour of
ALMA CO (1-0) moment-zero map. The contours are shown in [2, 3, 5] X rms. We also show the HI spectrum in the 20 km s™! velocity bin in the
lower right corner of each panel. The FAST beam size (2.9 arcmin) corresponds to about 130 kpc at a redshfit of 0.05, which is much larger than

the scale of the images.
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